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ABSTRACT

Context. Since the discovery of the first accreting millisecond X-ray pulsar (AMXP) SAX J1808.4-3658 in 1998, the family of
these sources has kept growing. Currently, it has 22 members. All AMXPs are transients with usually very long quiescence periods,
implying that the mass accretion rate in these systems is quite low and not constant. Moreover, for at least three sources, a non-
conservative evolution was also proposed.

Aims. Our purpose is to study the long term averaged mass-accretion rates in all the AMXPs discovered so far, to investigate a non-
conservative mass-transfer scenario.

Methods. We calculated the expected mass-transfer rate under the hypothesis of a conservative evolution based on their orbital periods
and on the (minimum) mass of the secondary star (as derived from the mass function), driven by gravitational radiation and/or magnetic
braking. Using this theoretical mass transfer, we determined the expected accretion luminosity of the systems. Thus, we achieved the
lower limit to the distance of the sources by comparing the computed theoretical luminosity and the observed flux averaged over a
time period of 20 years. Then, the lower limit to the distance of the sources was compared to the value of the distance reported in the
literature to evaluate how reasonable the hypothesis of a conservative mass transfer is.

Results. Based on a sample of 18 sources, we found strong evidence of a non-conservative mass transfer for five sources, for which
the estimated distance lower limits are higher than their known distances. We also report hints of mass outflows in a further six
sources. The discrepancy can be fixed under the hypothesis of a non-conservative mass transfer in which a fraction of the mass
transferred onto the compact object is swept away from the system, likely due to the (rotating magnetic dipole) radiation pressure of the

pulsar.
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1. Introduction

Accreting millisecond X-ray pulsars (AMXPs) are low-mass
X-ray binaries (LMXBs) hosting quickly rotating pulsars with
periods of a few milliseconds, which accrete matter from their
low-mass companion stars. Their discovery was a key chapter
for modern Astrophysics, since it represented a first step in
the confirmation of the so-called recycling scenario (see e.g.
Bhattacharya & van den Heuvel 1991). The aim of this theory
was to explain the peculiar case of millisecond radio pulsars
(MSPs), which exhibited the weak magnetic field (~108-10° G)
of old neutron stars and at the same time a spin frequency so high
as to be incompatible with the scenario of an old isolated neutron
star. According to the recycling scenario, MSPs are the leftovers
of LMXBs that host a neutron star (NS) once mass accretion has
ended. In these systems, when mass transfer is active, the trans-
ferred matter, due to its own specific angular momentum, does
not fall in a straight line onto the compact object, but it rather spi-
rals around it forming an accretion disc. This disc is expected to
be truncated close to the neutron star, due to the weak magnetic
field of the old compact object. If the Keplerian spin frequency
of matter overcomes the NS spin frequency in correspondence
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with the inner radius of the accretion disc, the NS is spun-up to
very short periods, in principle up to the mass shedding period
(below ~1 ms, depending on the equation of state of ultra-dense
matter; for a review, see e.g. Ozel & Freire 2016). LMXBs and
MSPs were two distinct classes of sources, theoretically con-
nected by the recycling scenario until 1998, when the NASA
X-ray Observatory Rossi X-ray Timing Explorer (RXTE) dis-
covered the first LMXB exhibiting X-ray coherent pulsations:
SAX J1808.4-3658 (Wijnands & van der Klis 1998).

Since then, a further 21 AMXPs have been discovered with
spin periods ranging between 1.7 and 9.5 ms (see e.g. Patruno
& Watts 2012; Campana & Di Salvo 2018), the most recent one
discovered by the Neutron star Interior Composition Explorer
(NICER; Strohmayer et al. 2018a; Sanna et al. 2018a). Indeed,
the direct confirmation of the recycling scenario dates back
to 2013: XMM-Newton observed a source previously classi-
fied as a radio millisecond pulsar, IGR J18245-2452, which
behaved as an AMXP during one X-ray active state (Papitto et al.
2013a). The source showed swings between X-ray, accretion-
powered pulsations to radio, rotation-powered pulsations over
short timescales (less than a couple of weeks). Along with PSR
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J1023+0038' (Archibald et al. 2009, 2013) and XSS J12270-
4859 (de Martinoetal. 2013; Bassaetal. 2014; Papittoetal. 2015),
IGR J18245-2452 is part of a sub-class of MSPs dubbed transi-
tional millisecond pulsars. These sources are the living proof that
radio MSPs, AMXPs, and LMXBs may be considered different
seasons of the lifetime of a low-mass binary system hosting a neu-
tron star (for a review see Campana & Di Salvo 2018).

AMXPs are usually found in compact binary systems, as wit-
nessed by their relatively short orbital periods (with a few excep-
tions, the most relevant one is Aql X-1, which has an orbital
period of 19 h, Chevalier & Ilovaisky 1991; Welsh et al. 2000),
from ~40 min to a few hours, and therefore they probably host
very low-mass donor stars, with M < 0.2 M. All AMXPs known
so far are X-ray transients; some of them show outbursts every
few years (such as SAX J1808.4—3658, which goes into out-
burst every ~2.5 years) while others have been observed in out-
burst only once since their discovery, such as XTE J0929-314
and XTE J1807-294 (Galloway et al. 2002; Riggio et al. 2008).
The duration of the outbursts can also be quite long, as in the
case of HETE J1900.1-2455 (in outburst for ~10 years, Simon
2018) and MAXI J0911-655 (which has been in an ongoing
outburst since 2016, Sanna et al. 2017a). In order to explain
the strong orbital expansion of the AMXPs SAX J1808.4-3658
(di Salvo et al. 2008; Burderi et al. 2009; Sanna et al. 2017b)
and SAX J1748.9-2021 (Sanna et al. 2016), it was proposed
that only a fraction of the mass transferred from the secondary
star is effectively accreted onto the neutron star (see also Tailo
et al. 2018). Matter ejections have also been suggested to explain
the low average mass-transfer rate derived for XTE J1814—-338
(Van et al. 2019). This scenario has been recently confirmed
with an independent argument by Marino et al. (2017) for XTE
J0929-314, for which a non-conservative mass transfer has been
invoked to explain the discrepancy between the observed aver-
aged luminosity and the expected luminosity, estimated on the
basis of a conservative evolutionary model driven by gravita-
tional radiation (GR) (Verbunt & van den Heuvel 1995).

In this paper we use the same argument as for XTE
J0929-314 and we apply it to almost the complete sample of
AMXPs, with the aim of exploring how common (or uncom-
mon) non-conservative mass transfer is amongst such sources.
In Table 1 we present a summary of the main properties of these
sources: spin period Py, orbital period Pqy,, mass function fx,
the minimum mass for the companion star M; iy, the distance,
and the year when pulsations were observed for the first time.
The table is an updated version of Table 1 in Campana & Di
Salvo (2018). The minimum mass is estimated from the mass
function fx fixing the inclination of the system to 90°.

2. Method

The method applied here is based on the comparison between the
average luminosity, Leyp, expected in the case of an orbital evo-
lution induced by conservative mass transfer, and the observed
averaged X-ray luminosity. This comparison gives an estimation
of the lower limit to the source distance, which is used as a test
of how reliable the conservative hypothesis is. The same strategy
has already been applied to several non-burster AMXPs in order
to constrain their distances (Galloway 2006) and to the AMXP
XTE J0929-314, with the aim of proving the unlikelihood of a
conservative mass transfer in this system (Marino et al. 2017).

! It has been recently proposed that PSR J1023+0038 might not be in
an accretion-powered pulsar phase even when the X-ray pulsations are
clearly detected (Papitto et al. 2019).
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2.1. Expected luminosity

The expected luminosity of a LMXB might be simply expressed

as Lexp = —%, where M, is the mass of the accretor while

M, is the (intrinsically negative in the considered case) mass-
transfer rate of the donor, in the hypothesis that the whole mass
transferred from the secondary is accreted onto the NS. Assump-
tions can be made about M; and R according to the standard
values associated to neutron stars and/or the latest results in the
search for the NS mass and radius. In order to have a lower
limit for the expected luminosity, we should choose a lower
limit for both the masses and an upper limit for the radius. Here
we assumed the mass of the NS to be equal to 1.4 M, which
is low enough to be considered a reasonable lower limit given
that the current record holder for the least massive NS is PSR
J0453+1559, with a mass of 1.174 + 0.001 M (Martinez et al.
2015). Furthermore, according to Ozel et al. (2012), the dis-
tribution of the NS masses is double peaked, with two max-
ima corresponding to 1.28 M (with a dispersion of 0.24 M)
and 1.54 = 0.23 M, (with a dispersion of 0.20 M), for NSs
in non-recycled eclipsing high-mass binaries and for slow pul-
sars or NSs in recycled systems, which have experienced sev-
eral episodes of accretion, respectively. The NSs inhabiting the
sources analysed in the present work belong to the second fam-
ily, therefore a 1.4 M, seems like a reasonable choice. Concern-
ing the radius, we chose 12km as an upper limit, based on the
9.9-11.2 km range reported by Ozel & Freire (2016).

The minimum donor mass for each system was determined
on the basis of its mass function f, reported in Table 1. Con-
sidering the lack of eclipses and/or dips observed for all the sys-
tems in the class with the exception of one — Swift J1749.4-2807
(Altamirano et al. 2011) — we exclude inclination angles i > 60°,
and we estimated the lower limit for the secondary star mass
accordingly. Consequently, for the only eclipsing AMXP discov-
ered so far, this lower limit was estimated fixing the inclination
to 90°.

An estimate of M, requires the introduction of a theoretical
orbital evolution model. In the following, we adopt a simple and
general orbital evolution model obtained by combining Kepler’s
third law with the condition that the neutron star is accreting
matter from the companion via Roche lobe overflow. The latter
can be expressed as

2 12
where R, and R, are the radii of the secondary star and of its
Roche lobe, respectively. Equation (1) guarantees that during the
whole evolution of the system the secondary star fills the Roche
lobe. We assume then a mass-radius relation Ry o« M}, with M»
the mass of the secondary star, and the Paczynski (1971) approx-
imation for the Roche lobe radius R;, = 2/3*/3 [q/(1 + q)]1/3a
(valid for ¢ = M, /M, < 0.8), where a is the orbital separation.
We also take into account two possible mechanisms of angular
momentum loss which, in turn, drive the mass-transfer process
from the donor star: gravitational radiation (GR) and magnetic
braking (MB). According to this model, the mass-transfer rate
#1_g, in units of 107 My yr~! can be expressed as

2
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Table 1. AMXPs discovered so far and their main properties.

Source Pow P, fx M) 1min Year of Ref.
(h) (ms) (Mp) (M) discovery
Aql X-1 1895 1.7 14x1072 0.56 2008 [6], [14]
IGR J18245-2452 11.03 3.9 23x107% 0.17 2013 [17]
Swift J1749.4-2807  8.82 1.9 55%x1072  0.59 2010 [3]
IGR J17591-2342 8.80 1.9 1.5x 1072 042 2018 [23]
SAX J1748.9-2021 8.77 2.3 48x1073 0.10 2008 [1]
XSS J12270-4859 6.91 1.7 3.9x1073 027 2015 [18]
PSR J1023+0038 4.75 1.7 1.1x1073 0.0 2009 [4], [7]
XTE J1814-338 4.27 3.2 20x107% 0.17 2003 [13]
IGR J17498-2921 384 25 20x 1073 0.17 2011 [16]
IGR J17511-3057 347 4.1 1.1x1073 0.13 2010 [15]
IGR J00291+5934 2.46 1.7 2.8x107%  0.039 2005 [9]
SAX J1808.4-3658 2.01 2.5 3.8x 107 0.043 1998 [25]
IGR J1737.9-3747 1.88 2.1 8.5x 107 0.056 2018 [21]
HETE J1900.1-2455 1.39 2.7 2.0x 107 0.016 2006 [10]
NGC 6440 X-2 0.95 4.8 1.6 x 1077 0.00067 2010 [2]
Swift J1756.9-2508  0.91 5.5 1.6 x 1077 0.0070 2007 [11], [22]
IGR J16597-3704 0.77 9.5 1.2x 1077 0.00600 2017 [20]
MAXI J0911-655 074 29 6.2x107° 0.024 2016 [19]
XTE J0929-314 0.73 5.4 29x 1077 0.0083 2002 [8]
XTE J1751-305 0.71 2.3 1.3x107° 0.014 2002 [12]
XTE J1807-294 0.67 5.3 1.5x 1077 0.0066 2003 [5]
IGR J17062-6143 0.64 6.1 9.1x10°% 0.00060 2017 [24]

Notes. In the table Py, is the orbital period, Ps is the spin period of the pulsar, fx is the mass function, and M i, is the minimum mass for the

companion, evaluated from fx for an inclination of 90°.

References. [1] = Altamirano et al. (2008), [2] = Altamirano et al. (2010a), [3] = Altamirano et al. (2011), [4] = Archibald et al. (2009),
[5] = Campana et al. (2003), [6] = Casella et al. (2008), [7] = Coti Zelati et al. (2014), [8] = Galloway et al. (2002), [9] = Galloway et al. (2005a),
[10] = Kaaret et al. (2006), [11] = Krimm et al. (2007), [12] = Markwardt et al. (2002b), [13] = Markwardt et al. (2003), [14] = Mata Sanchez
et al. (2017), [15] = Papitto et al. (2010), [16] = Papitto et al. (2011a), [17] = Papitto et al. (2013a), [18] = Roy et al. (2015), [19] = Sanna et al.
(2017a), [20] = Sanna et al. (2018b), [21] = Sanna et al. (2018c), [22] = Sanna et al. (2018d), [23] = Sanna et al. (2018a), [24] = Strohmayer et al.

(2018b), [25] = Wijnands & van der Klis (1998).

where

1-B(q
s fa)=1-pa- (5 +o) 3
(see di Salvo et al. 2008; Burderi et al. 2009, 2010), where m,
is the mass of the primary star in units of Mg, Py is the orbital
period in units of 2h, n is the index of the mass-radius relation,
B is the fraction of mass lost by the donor and accreted onto
the NS, « is the specific angular momentum carried by the mat-
ter ejected from the system in the case of a non-conservative
mass transfer, and T is the strength of the torque associated to
MB. The parameter T can be parametrized in units of the GR

torque as in Burderi et al. (2010)?, in line with Verbunt & Zwaan
(1981), Verbunt et al. (1994) and Tauris (2001), as

Twp = 8.4(K )01 f2m;' P3,q" (1 + ¢)*°, )

where k is the gyration radius of the secondary star and f
is a dimensionless parameter that assumes a value of 0.79 or
1.78 (Skumanich 1972; Smith 1979). In order to estimate the
expected mass-transfer rate in the conservative case, we take

B=1

2 In the cited equation two typos were present, in particular the con-
stant was wrong and the factor (1 + ¢)** was missing, therefore we
report a corrected version of the same formula.

The value of i, given by Eq. (2), is highly dependent on
the mass of the secondary star. On the one hand, because of the
assumed mass-radius relation, the value of n changes according
to M, on the other hand the MB is considered to become negligi-
ble (Tvg = 0) in ultra-compact X-ray binaries for fully convec-
tive stars with M, < 0.3 M (Nelson & Rappaport 2003). How-
ever, the latter assumption has been questioned at least in one
case. Indeed magnetic braking has been included in the descrip-
tion of the evolutionary path of the AMXP SAX J1808.4-3658
during its whole history (Wang et al. 2013; Tailo et al. 2018),
although its companion star is likely to be a brown dwarf with a
mass <0.1 M. For uniformity we considered both models, GR
and GR+MB, to describe the mass transfer in each system, fix-
ing f to 1.78 in order to have a lower limit on Tg. In the fol-
lowing, with Ley, gr We will refer to the expected luminosity in
the GR-only case, and with Le, gr+mp to the luminosity in the
MB-included case.

Another assumption concerns the value attributed to n. In
the case of a low-mass secondary star with M, < 0.2 M, we
chose n = —1/3, the proper mass-radius index for fully convec-
tive or degenerate stars (Nelson & Rappaport 2003). On the other
hand, for masses M, > 0.40 M, we assumed n = 1 to be a valid
approximation (Chabrier & Baraffe 2000). Finally we used the
value of k computed for low-mass (M, ~ 0.6 M) stars (Claret
& Gimenez 1990): k = 0.378. This value is expected to decrease
for decreasing masses, therefore the estimated values for 7Typ
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in the sources with secondary stars with masses M, < 0.6 Mg
have to be considered as upper limits. We note, however, that the
MB strength becomes negligible for small values of the orbital
separation.

2.2. Observed luminosity

To estimate the observed average luminosity we considered the
energy released by the system during the outburst phase(s) as a
good approximation of the whole amount of energy ever emitted
by the source, ignoring both the energy released during type-I
X-ray bursts and the energy radiated when the source was qui-
escent. Even if type-I X-ray bursts are amongst the most ener-
getic displays of LMXB activity, they usually last for less than
an hour; therefore the amount of energy released is negligible if
averaged over a baseline of several years. On the other hand, qui-
escence luminosity is likely at least three orders of magnitudes
lower than the luminosity in outburst, a ratio which is signifi-
cantly lower than the ratio between the duration of the outburst
and the recurrence time between subsequent outbursts observed
so far for AMXPs. Furthermore, accretion is considered to be
almost shut off during quiescence (although residual accretion
processes might still be ongoing in some quiescent LMXBs,
see e.g. Wijnands et al. 2015), and it is therefore reasonable to
neglect the energy emitted during this phase.

A complication to this assumption could be represented by
the possibility of “very faint” activity during quiescence, that
is, when the object shows episodes of accretion at low luminos-
ity (around 5 x 10%). Such outbursts would be too faint to be
detected from any all-sky monitor and could be seen only with
pointed observations. This type of peculiar behaviour has been
observed in transitional millisecond pulsars, lasting also for sev-
eral years (Papitto et al. 2013a; Linares et al. 2014; Patruno et al.
2014), although also in this case the contribution of low-level
accretion is not clear yet (see e.g. Ambrosino et al. 2017). How-
ever, the correction to the calculated total energy output when
considering these episodes would be significant, on the order of
10-20%, only in the case of decades of continuous accretion at
~10% erg s~!. We then decided to neglect the energy emitted out-
side the outbursts.

Keeping this caveat in mind, the energy released during an
outburst was then roughly estimated by calculating the area sub-
tended by the light curve of the system in outburst, which is the
observed fluence f, that is, the total energy per unit area emit-
ted during the outburst as received by the detector. To convert
this fluence into the total energy radiated during the outburst, we
have to multiply it by a factor of 47d*. We consider the distance
as a free parameter for the moment and keep this total energy
in the form f X 47d?. In order to find the observed luminosity,
Foy X 47d?, where F,, is the average observed flux, one has to
average the energy emitted during the outbursts, f x 47d?, all
along the period T during which the source was monitored by
our observatories.

We considered T equal to 20 years, because since 1996 the
X-ray sky has been continuously monitored and any previous
outburst would have been therefore recorded. In fact, in 1996, the
All Sky Monitor (ASM) on board RXTE and the wide field cam-
eras (WFC) on board BeppoSAX started a continuous monitor-
ing of the X-ray sky. This is today continued by MAXI onboard
the International Space Station, the Swift/Burst Alert Telescope
(BAT) hard X-ray monitor, INTEGRAL, and the Gamma-ray
Burst Monitor (GBM) on board Fermi. A more conservative
choice for T might have been the time elapsed since the discov-
ery of the source, but it would leave out the most recently dis-
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covered AMXPs. However, in Sect. 4 a comparison between the
results obtained with the 20 year interval and the results obtained
with the latter strategy will be presented.

Finally, under the hypothesis of a conservative mass transfer,
we can solve the equation Fay X 4nd? = Leyp in order to find the
distance d to the source; the discrepancy between our value of d
and the value reported in the literature is then used to quantify
the unlikelihood of a conservative mass transfer. Indeed, in the
case of a non-conservative mass transfer, the mass-accretion rate
would be lower than the mass-transfer rate from the companion
star, and this would result in a lower Ly, and then in lower values
for d, in this way fixing the discrepancy.

3. Data analysis

We analysed all the sources listed in Table 1, with the exclu-
sion of three systems: Aql X-1, XSS J12270-4859, and PSR
J1023+0038. Aql X-1 is a peculiar source, given its relatively
long orbital period with respect to every other AMXP and the
fact that it showed coherent X-ray pulsations only during a
single ~150s-long data segment (out of ~1 Ms of RXTE data
Casella et al. 2008). Furthermore it displays an ~70days out-
burst per year (Ootes et al. 2018), therefore it is expected to have
a high averaged mass-accretion rate, likely compatible with a
conservative mass-transfer scenario. On the other hand, the tran-
sitional MSPs XSS J12270-4859 and PSR J1023+0038 have
been observed in X-rays only in short, sub-luminous outbursts
or in flaring activity at low luminosity, Lx < 103 ergs™!, under
the detectability threshold of any X-ray all-sky monitor (Papitto
et al. 2015; Coti Zelati et al. 2014). Quantifying the energy emit-
ted during these episodes is not an easy task and, at least in
the case of PSR J1023+0038, the emitted X-ray flux may not
be related to accretion at all, as recently suggested by Papitto
et al. (2019). Furthermore, a non-conservative mass-transfer sce-
nario has been already hypothesized to explain the peculiar phe-
nomenology of these systems (as suggested by Heinke et al.
2015). In the following we discuss the analysis carried out for
the other nineteen sources. In this paper, the results for XTE
J0929-314 are also included for the sake of completeness, even
if its analysis has been extensively discussed by Marino et al.
(2017).

For each source, we followed the methodology explained in
Sect. 2.1 in order to estimate the expected luminosity in both
the GR-only and MB-included cases. The results are reported in
Table 3. For the moment, we used only the minimum mass M,
for the companion, corresponding to the high inclination case, to
have a lower limit on the distance of the source.

The estimation of the average observed flux F,, requires
a study of the observational history of the sources in the last
20 years. We searched in the literature for published light curves
of each outburst displayed by each AMXP in the sample. We
analysed these light curves numerically, approximating their
shape with a piecewise linear function and then calculating the
area subtended by the function. Usually in the analysed light
curves the count rate of the instrument or the flux in a limited
energy band is reported rather than the bolometric unabsorbed
flux. We used the NASA’s High Energy Astrophysics Science
Archive Research Center (HEASARC) count rate simulator
WEBPIMMS to convert count-rates and/or fluxes into unab-
sorbed 0.1-300keV fluxes. In WeBPIMMS we described the
spectrum of each source using a power law, with the values of
Ny and I reported in the literature for that source. If the flux of
the source was reported in Crab units, we assumed the Crab I'
index, of I' = 2.1 to convert the reported flux into bolometric
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flux. This procedure was not followed for IGR J00291+5934
and XTE J1751-305, whose outburst properties, including peak
bolometric flux and outburst durations, were already reported
in the literature (respectively by De Falco et al. 2017a; Riggio
et al. 2011). The spectral parameters of two sources during their
outbursts were not available in the literature: XTE J1814+338
and NGC 6440 X-2. While for the latter we described each of its
short, subsequent outbursts with the same parameters reported
by Heinke et al. (2010) for the first outburst, for XTE J1814+338
a rough spectral analysis of the source was performed using
the RXTE standard products. Further details about this analy-
sis are reported in the Appendix. Finally, we followed a dif-
ferent procedure for IGR J17062—-6143. Since the source has
been persistently in a faint outburst from 2006 (Churazov et al.
2007), the year of its discovery, at a 2-20keV luminosity of
5.8—7x10% ergs™! (see Strohmayer et al. 2018b, and references
therein), we associated to the source a constant luminosity of
6.5x10% ergs~! in the 2-20 keV band and, using the known dis-
tance of the source, 7.3 kpc (Keek et al. 2017), we estimated the
corresponding flux. Finally we extracted the bolometric unab-
sorbed flux by means of WEBPIMMS and calculated F,, X 4rd?
accordingly.

The light curves of some outbursts of a few different sources
have never been published in the literature. This was the case for
IGR J17591-2342, SAX J1748.9-2021, SAX J1808.4—3658,
IGR J1737.9-3747, and Swift J1756.9-2508 (see Table 2). For
these cases, we used the archival data of all-sky monitors such as
ASM onboard RXTE, BAT onboard Swift, and MAX]I, in order
to reproduce the light curves of their outbursts?.

The outburst properties (duration, peak bolometric flux, etc.)
of the AMXPs are summarized in Table 2. The phenomenology
of AMXPs is far from being homogeneous; while most of the
sources in the class (10 out of 19, including XTE J0929-314)
have undergone only one outburst in at least 20 years, almost
the other half has shown multiple outbursts. An interesting case
is represented by NGC 6440 X-2, which between 2009 and 2011
showed frequent but faint and short (around three days each) out-
bursts (Patruno & D’ Angelo 2013).

The analysis of each outburst, by means of the values
reported in Table 2, led to the estimation of the fluence of
the source. Following the recipe of Sect. 2.2, we calculated
the observed luminosity of the source. By equating LexpGr
(Lexp,Gr+mB) and Fyy X 4nd* we find the distance of the source
under the hypothesis of a conservative mass transfer. This dis-
tance is essentially a lower threshold for the distance of the
source, due to our choice of fixing the donor mass to its mini-
mum value. Furthermore, since switching on and off the mag-
netic braking in our conservative model (Eq. (2)) gives two
alternative expected luminosities, we distinguish between two
lower limits for the distance: the “GR-only” distance d,,gr
and the “MB-included” distance d,,gr+mp. The final results
are presented in Table 3. In the same table, the results for
XTE J0929-314, already presented by Marino et al. (2017), are
included in order to give a general picture of all the AMXPs
to which this method has been applied. For ease of discussion,
each source is labelled with an arbitrary number, as shown in
Table 3, and in the following it will be indicated using this
number.

3 The public data used here were downloaded from the online archives:
https://heasarc.gsfc.nasa.gov/docs/xte/ASM/sources.
html, https://swift.gsfc.nasa.gov/results/transients/
and http://maxi.riken. jp/top/index.html

4. Results

According to the general picture emerging from Table 3, we
discuss the sources, distinguishing first between sources with
unknown distance values and sources with a reported distance
estimate (or at least an upper limit). For the latter sources, 14 out
of 19 sources in the sample, the comparison with the estimated
distance lower limits is obviously easier, while in the discussion
for the former sources the soundness of our distance limits will
be considered. We checked if any of the available distance values
could be updated using the public results of the Global Astromet-
ric Interferometer for Astrophysics (Gaia; Gaia Collaboration.
2016), in the catalogue Gaia DR2 (Gaia Collaboration 2018),
excluding the globular clusters sources, since their distances are
know with sufficient precision. For only six sources, S5, S7, S11,
S17, S18, and S19, did Gaia find counterparts within 2 arcsec
error boxes. The distance ranges found for these optical counter-
parts are wide and always compatible with the distances reported
in the literature (and in this paper) and the association of these
sources with the optical systems in the Gaia catalogue is not
certain. We therefore decided not to include Gaia results in this
work.

Amongst the 14 sources with a known distance, in six cases —
SAX J1748.9-2021, SAX J1808.4—-3658, HETE J1900.1-2455,
MAXI J0911-655, XTE J1807-294, and IGR J17062-6143 —
our method gave a lower limit for the distance that is lower than
the measured distances. The method in these cases must be con-
sidered inconclusive, since changing the assumptions made for
example on the secondary star mass, might fix the discrepancy
between the distance values and indicate a compatibility with a
conservative scenario.

Not surprisingly, these sources have emitted huge amounts
of energy in the time considered. Two of these five sources have
indeed undergone several outbursts in the last 20 years and three
of them, S11, S15 and S19, have been persistently in outburst
for years (see Table 2), even if, in the latter case, at a faint
luminosity.

Except for one source, S1, the remaining seven sources with
known distances have estimated values smaller than both the
dncr and d,, gr+mp limits, indicating a likely non-conservative
mass-transfer scenario. S1 is the only source where d,, gr < d <
dmcr+mp. While this result might be considered inconclusive, it
is indeed remarkable that the relatively long orbital period of the
system of 11.03 h (Papitto et al. 2013a), seems to discourage a
GR-only model, making the higher distance limit (and the non-
conservative scenario) more realistic.

The limits on the distance discussed so far rely strongly on
the choice to fix the time interval T to 20 years. Taking into
account smaller time intervals would also decrease the limits on
the distance. In the following we release this assumption and
we assume T equal to the time elapsed since the first outburst
of each source in the last 20 years* (see Table 2), in order to
test the robustness of these results. The new choice for T leaves
almost unchanged the situation for S2, S5, S6, and S17, because
even the new limits for d (17, 22, 10, and 10kpc respectively)
exceed the current distance estimate. On the contrary, consid-
ering a shorter T changes substantially the results obtained for
S1, S7, S8, and S12, which are now equal or even lower than
the measured d, at 5, 7, 5, and 7 kpc respectively. This result
reflects also the fact that these sources, especially S1, have been
discovered very recently. Therefore we may conclude that we
have strong evidence for non-conservative mass transfer for S2,

4 This time usually coincides with the time of discovery of pulsations
for the source, displayed in Table 1, with the exception of S10 and S19.
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Table 3. Results.

# Source Mmin chp,GR chp,GR+MB Fav X 47rd]%pc d Method dm,GR dm,GR+MB
M, (10¥ergs™) (10¥ergs™) (10¥ergs™)  (kpec) (kpc) (kpc)
S1 IGR J18245-2452 0.21 0.21 1.40 1.32(13) 5.5 GC 3.97(19) 10.2(5)
S2 Swift J1749.4-2807 0.60 1.70 12.0 0.23(2) <8 131 B 27.1(1.4) 71.0(4.0)
S3 IGR J17591-2342 0.43 2.20 13.0 5.2(5) <7 04 M 6.7(0.3) 16.1(0.8)
S4 SAX J1748.9-2021 0.12 0.11 0.44 45.04.) 8.5 18 GC 0.50(2) 0.99(5)
S5 XTE J1814-338 0.20 3.20 5.40 0.49(5) <9.610 B 25.7(1.3)  33.2(1.7)
S6 IGR J17498-2921 0.20 1.80 3.70 0.61(6) 7.6 B 17.4(0.8) 24.8(1.2)
S7 IGR J17511-3057 0.16 2.50 3.80 2.30(20) <71 B 10.4(5) 12.8(6)
S8 IGR J00291+5934 0.04 0.35 0.41 0.98(9) <4712 B 6.0(3) 6.4(3)
S9 SAX J1808.4-3658 0.008 0.95 1.01 14.0(1.4) 3.5 01 B 2.63(13) 2.77(14)
S10  IGR J1737.9-3747 0.07 2.30 2.50 2.20(20) <4 04 M 10.1(4) 10.6(4)
S11  HETE J1900.1-2455 0.018 0.32 0.33 790.0(80) <5 B! B 0.20(1) 0.20(1)
S12  NGC 6440 X-2 0.0005 0.17 0.18 0.144(14) 8.5 18 GC 11.0(4) 11.0(4)
S13  SwiftJ1756.9-2508  0.008  0.19 0.20 0.41(4) <1414 M 69(7)  7.0(7)
S14  IGR J16597-3704 0.007 0.25 0.25 2.5(2) 9.1 011 GC 3.14(16)  3.15(16)
S15 MAXIJ0911-655 0.027 4.00 4.05 8.9(9) 9.5 121 GC 6.7(7) 6.7(7)
S16  XTE J0929-314 0.01 0.55 0.56 0.80(8) U - 8.3(6) 8.4(6)
S17  XTE J1751-305 0.016 1.50 1.50 1.16(12) <8.51 T 11.4(4) 11.5(4)
S18 XTE J1807-294 0.0077 0.41 0.42 5.7(6) U - 2.70(13)  2.71(13)
S19 IGR J17062-6143 0.0060 0.29 0.29 10.0(1.0) 7.3 161 B 1.66(8) 1.66(8)

Notes. List of the obtained expected and observed luminosities for the selected sample of AMXPs. The minimum masses for the companion
star My, reported in this table have been inferred from the mass function of the source fixing i to 60°, with the exception of the eclipsing Swift
J1749.4-2807, for which i was fixed to 90°. In the table, L, gr and Ley, gr+mp are the expected luminosity evaluated for a mass transfer driven by
GR and GR+MB, respectively, F,, is the bolometric (0.1-300 keV) unabsorbed flux averaged over 20 years, d the distance known for the system,
and d,,gr and d, gr+mp the distances evaluated using Lexpgr and Lep r+mp respectively. The label “U” indicates that the distance of the source
is unknown at the moment. The cited values for d are upper limits on the distance, therefore we reported the value found on the refereed paper
plus its upper error. In the “Method” column we indicate the method used to determine the upper limit on d reported here. Methods: “B”: study of
type-I X-ray bursts. “GC”: association to a globular cluster of known distance. “M”: study of the extinction maps by Marshall et al. (2006). “T”:
theoretical argument.

References. [1] = Altamirano et al. (2010b), [2] = De Falco et al. (2017a), [3] = Galloway & Cumming (2006), [4] = Harris et al. (1996),
[5] = Kawai & Suzuki (2005), [6] = Keek et al. (2017), [7] = Linares et al. (2011), [8] = Ortolani et al. (1994), [9] = Papitto et al. (2008),

[10] = Strohmayer et al. (2003), [11] = Valenti et al. (2007), [12] = Watkins et al. (2015), [13] = Wijnands et al. (2009), [14] = This paper.

S5, S6, and S17, while this evidence is more troublesome for the
other four sources in the group.

As stated before, for five sources in our sample we do not
have available distance estimates. In this work we attempt to
find at least an upper limit on these distance values using the
3D extinction maps of radiation in the Ky band for our Galaxy
computed by Marshall et al. (2006)>, following the same steps by
Gambino et al. (2016). Even if on the basis of its location, which
is very close to the Galactic centre, an upper limit of 8.5 kpc was
suggested for XTE J1751-305 (Papitto et al. 2008), no direct
measurements of its distance are available so far, therefore we
included the source in the sample and tried to evaluate its dis-
tance too. For a specific direction in the Galaxy, for example
defined by the coordinates of a source, these maps give the evo-
lution of the extinction in the Kg band, Ak, , as a function of the
distance. In order to evaluate Ag,, we used the equations

Nu = (2.21 £0.09) x 10*'Ay,
Ak, = (0.062 + 0.005)Ay mag,

&)
(6)

by Giiver & Ozel (2009) and Nishiyama et al. (2008) respec-
tively, where Ay is the extinction in the visual band. The refer-
ences for the Ny values employed for each source are reported
in the “References Spectral parameters” column in Table 2.

5 http://vizier.cfa.harvard.edu/viz-bin/VizieR?
-source=]/A+A/453/635

From the study of the extinction maps, we derive distances
of 5 + 2kpc for S3, 12 + 2kpc for S13, and an upper limit of
4 kpc for the distance of S10. Our estimate for the distance of S3
is barely compatible with the lower limit posed by Russell et al.
(2018) of 6 kpc.

Results for S17 are inconclusive, since the only constraint on
the distance found is a lower limit of 2.7 kpc. S16 and S18 have
relatively high Galactic latitude, in directions poorly mapped by
Marshall et al. (2006), therefore even with this technique it is
not possible to obtain constraining limits on the distances. The
discussion about the type of mass transfer has to shift towards
how reasonable is our threshold distance for these two sources.
Taking into account the new distance upper limits, S10 proves
to be compatible with a non-conservative scenario according to
both d,, gr and d,, gr+mp, While the limits for S13 are below the
known distance for the source, making the method inconclusive.
The situation of S3, for which d,, gr < d<d,, Gr+mB, recalls what
was found for S1. In addition, since the long orbital period of the
source of 8.82h (Sanna et al. 2018a) strongly encourages a MB
contribution in the dynamics of the system, the non-conservative
case seems to be better founded than the conservative case. The
distance limits for S18 are reasonable and they have to be con-
sidered inconclusive for our purposes. Also S16 has a realistic
distance threshold, although its relatively high Galactic latitude
would place it in an empty region of the Galaxy, suggesting a
non-conservative mass-transfer scenario (Marino et al. 2017).
We applied the test of changing the choice for 7' to S3 and
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Fig. 1. Distance-radius curves (in red) with errors (dashed lines) compared with the distance value reported in the literature (in yellow) for the four

sources with stronger evidences for non-conservative mass transfer.

S10. While S3 was discovered only last year and it is clearly
not suitable for such a test, S10 has upper limits with the new T
of d,gr = 8.4 £ 0.5kpc and d,, gr+m = 8.9 + 0.5 kpc, which
are still suggestive of a non-conservative scenario. We therefore
include S10 in the sample of our strong evidence sources.

It is noteworthy that if no activity is observed in the next few
years, the limits for d found for the 19 sources analysed in this
paper will drift to higher values and some of the weak evidence
for non-conservative mass transfer might be strengthened.

5. Discussion

The method described and applied in this paper strongly indi-
cates a non-conservative mass transfer for six sources (including
the results for XTE J0929-314), and weakly for a further five
sources.

We discuss here the possibility that any of the assumptions
made in this work may have biased our results for the strong evi-
dence. In the following, 7 was considered to be the time elapsed
since the discovery of the source. First of all, we checked the
result of decreasing the value assumed for the mass of the NS
to 1.1 My (lower than the lowest NS mass ever measured of
1.174 £ 0.001, Martinez et al. 2015) and increasing the radius of
the neutron star above 12 km (above the values expected accord-
ing to most proposed equations of state, Ozel & Freire 2016) to
see if this gave different results. Figure 1 shows the distance as a
function of R~!/2, using for F,, X 4md* and M, the values pre-
viously evaluated for the five strong evidence sources. For four
sources out of five, an unrealistic value of R > 20 km would be
needed to match the luminosity expected under the assumption
of conservative mass transfer. In XTE J1751-305, on the con-
trary, the compatibility is restored for values of R > 12km. We
therefore discard this source from the strong evidence sources.

Another assumption that might be relaxed concerns the incli-
nation, fixed to 60° in all the sources except the only eclipsing
one, Swift J1749.4—-2807. However, allowing for a 90° inclina-
tion does not give substantial changes in the obtained values and
the scenario proposed here is unchanged.
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Even in the extreme scenario of 90°-inclination systems (for
which no eclipsing activity was ever observed), hosting bizarre
neutron stars with high radii and the smallest mass value ever
observed we are not able to find an accordance between data and
the predictions of a conservative mass-transfer model for these
sources. Even if we consider the distance measured for these
sources to be wrong, we still have to admit high inclinations and
low-mass companions to obtain distances within the size of our
Galaxy.

Finally, our choice for T in this discussion was the most
conservative possible and replacing it with 20 years may only
reinforce the evidence. Therefore, Occam’s razor leads us to
consider these results as strong evidence for non-conservative
mass transfer for IGR J17498-2921, XTE J1814+338, Swift
J1749.4-2807, and IGR J1737.9-3747. As stated in Sect. 1,
a non-conservative mass transfer has been proposed in three
other AMXPs: XTE J0929-314, SAX J1808.4-3658, and SAX
J1748.9-2021. The latter two sources have been analysed as
well in this paper, giving no evidence for a non-conservative
mass transfer. This should not be considered a contradiction,
because the possibility of a non-conservative mass transfer is
not excluded by this method; allowing for higher companion
masses might increase the expected luminosity and shift d,, gr
(dncr+MB) below the distance estimate for the system. It is
impossible, however, with the current available information on
the inclination and/or the secondary mass of these sources to dis-
criminate between the conservative and non-conservative scenar-
ios. Furthermore, as recently demonstrated by Van et al. (2019),
our prescription for the MB term might not be the most adequate
and may significantly underestimate by an order of magnitude
the real contribution to the average theoretical mass transfer.
Indeed, the model used here neglects some physical aspects, for
example the chemical or thermal evolution of the companion
star, as well as any calculation of the convective and radiative
zones of it, therefore these results have to be considered with
a reasonable dose of caution. These arguments might explain
why S4 and S9 do not give evidence for a non-conservative
mass transfer although a non-conservative evolution has been


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201834460&pdf_id=1

A. Marino et al.: Indications of non-conservative mass transfer in AMXPs

hypothesized (di Salvo et al. 2008; Sanna et al. 2016, 2017c)
with an independent argument, in order to justify the large value
of the orbital period derivative measured for both systems®.

The physical mechanism inhibiting a fully conservative mass
transfer in these systems is still unclear. A model that would
explain this phenomenon was proposed by Burderi et al. (2001)
and it is known as the radio ejection model. It predicts that a
non-conservative mass transfer may arise in LMXBs hosting
rapidly rotating pulsars when the radiative pressure of the pulsar,
emitting as a magnetic-dipole rotator, overcomes the ram pres-
sure of the accreting matter, throwing it away from the system.

Furthermore, a recent work by Ziétkowski & Zdziarski (2018)
shows with a similar argument how also LMXBs hosting BHs
might undergo a secular evolution driven by non-conservative
mass transfer. In these systems, radio ejection is clearly out of the
picture; in that case, matter outflows in the form of jets and winds
have been invoked to explain the phenomenon.

6. Conclusions

This work aims at a discussion of the possibility of a non-
conservative mass transfer for almost all the AMXPs discov-
ered so far by comparing their expected luminosity, calculated
on the conservative evolution hypothesis, and the observed
X-ray flux averaged over the last 20 years (or the time elapsed
since their discovery). Recently a non-conservative mass transfer
has been claimed for three AMXP; including the four strong evi-
dence cases presented here, the count would increase to seven,
suggesting that this physical phenomenon might be not rare at
all in the family of the AMXPs. Furthermore, if we include
also the sources with weak evidence of non-conservative mass
transfer and the two AMXPs that displayed only faint outbursts
(for which conservative mass-transfer rates seem unlikely), more
than half of the AMXPs would require a non-conservative sce-
nario. It is also interesting to notice how, despite more than
20 years of continuous monitoring by several all-sky monitors,
the number of transient LMXBs showing millisecond pulsations
keeps rising (the latest discovered is IGR J17591-2342, Sanna
et al. 2018a). This argument might be taken as a hint that the
recurrence times could be even longer than 15 years, highlight-
ing the inadequacy of conservative mass-transfer scenarios for
many members of this class. The radio ejection model, devel-
oped several years before these pieces of evidence for non-
conservative mass transfer were found, might be able to explain
what induces a non-conservative regime in the case of accreting
fast pulsars and, if confirmed, it could be considered as a key
feature in the complex phenomenology of this class of sources.
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Appendix A: Spectral analysis of XTE J1814+338

Unlike any other source in the sample, spectral informa-
tion about XTE J1814+338 during its one and only outburst
in 2003 is not reported in the literature. Furthermore the
RXTE/Proportional Counter Array (PCA) light curve of the
53 day-long outburst does not have a simple shape comparable
to any geometrical figure (see Papitto et al. 2007, Fig. 1): after
a smooth rise lasting for ~5d, the emitted flux stabilized to an
order of magnitude of 10-'%ergecm™2s~! (2.5-25keV) for 33 d,
with a peak flux of 5 x 107'%ergcm™s! in the same energy
range and fluctuations around 20%, until it decayed abruptly to
one fourth of the peak flux. In order to calculate the fluence of
the source we performed a simple spectral analysis of the system
during the outburst.

In order to calculate the area subtended by the curve we
described the light curve with a piecewise function, as shown in
Fig. A.1, and then we divided the whole area into eight trapezes.
The area of these trapezes is easy to calculate once we have
the information about the flux at the beginning and at the end
of the corresponding time segment. Therefore we extracted the
RXTE spectra from the RXTE standard products (in particu-
lar source and background spectra and the response file) of the
source at seven strategic points, in order to get the bolometric
(0.1-300keV) flux. It is important to notice that, according to
the light curve shape, we considered the flux constant over two
time windows, between points 2-3 and 8-9 in Fig. A.1.

Standard data products are not meant to be used for a detailed
analysis of the source, but they are suitable for our purpose to

Table A.1. Observations used in this work and fits results.

Fuo (1010 erg - cm? - 57y

0 10 20 30 40 50
Time (days)

Fig. A.1. Data points used to describe geometrically the light curve of
the 2003 outburst of XTE J1814—-338. In this representation, the light
curve is described as the piecewise function connecting the data points
and its area is obtained by dividing it into trapezes, whose vertical lines
are the dashed lines in this figure, and summing their areas; the light
curve is shown for comparison in the box above (Papitto et al. 2007).

have rough information about the bolometric flux evolution from
the source. The spectrum of each observation was analysed using
the spectral package Heasarc Xspec v. 12.9.1, and fitted to a sim-
ple power law, described by the POWERLAW model, multiplied
by TBABS to take into account the interstellar absorption, with
VERN cross sections (Verner et al. 1996) and WILMS abundances
(Wilms et al. 2000). The observations log and spectral fit results
are reported in Table A.1.

ObsID Date I" index Nu Fyo1 (0.1-300keV) )(3
(mm-dd-yyyy) (x102cm™2) (x10710 erg X em2xs7!)  (d.of)

1 80145-02-01-01  06-07-2003 1.600 + 0.020 <0.48 6.80 + 0.68 1.45(47)
2 80418-01-02-06  06-15-2003 1.706 £ 0.012 0.89 £ 0.16 8.69 + 0.87 0.99(46)
3 ()

4 80418-01-03-12  06-20-2003 1.659 £ 0.015 0.40 + 0.20 8.27 +£0.83 0.90(46)
5 80418-01-03-08 06-24-2003 1.670 £ 0.020 0.45 + 0.30 8.78 £ 0.88 0.86(46)
6 80418-01-05-00 07-04-2003 1.700 + 0.030 0.50 + 0.40 6.85 + 0.69 0.71(46)
7 80418-01-05-09 07-09-2003 1.760 + 0.013  0.300 6.96 +0.70 0.93(48)
8 80418-01-06-02 07-13-2003 1.840 £ 0.020  0.300 2.16 + 0.22 0.97(47)

9 ®

Notes. The data have been all analysed using a simple TBABS X POWERLAW model. The quoted errors for I and Ny were calculated with the ERROR
command for the resulting simulated posterior distribution and reflect 90% confidence intervals, while a standard uncertainty of 10% has been
attributed to each of the bolometric flux values. ® Under the assumption that the flux was almost the same between the previous data point and
this one, an assumption based on the light curve shape over these time intervals, the bolometric flux at this time was considered equal to the flux
reported in the preceding row; (¥ the parameter was kept frozen to the reported value for the stability of the fit.
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